Abstract
1 Damage characterisation of cryogenically cycled carbon fibre/PEEK laminates
Introduction
Due to their favourable mechanical and physical properties, carbon-fibre reinforced polymers (CFRP) are seen as candidate materials for the fuel tanks of next generation reusable space launch vehicles (RSLVs) and expendable space launch vehicles [1] . With the RSLVs undergoing numerous fuelling/refuelling cycles, the tank walls will be repeatedly exposed to cryogenic temperatures as low as -250°C. This thermal cycling can lead to microcracking and delamination formation within the CFRP, which, in severe cases, can result in permeation of the cryogen through the fuel tank walls. Therefore, a precise understanding of the methods of damage accumulation and how the various damage modes interact within thermally cycled composite laminates underpins the potential use of CFRP for RSLVs. Transverse microcracking in off-axis plies is typically the first noticeable damage mode encountered in composite laminates. Due to the multiaxial nature of thermal loading, cracks may form in both the outer and inner ply groups [2, 3] and may occur below the failure strength of the bulk material [4] . Overlapping microcracks in adjacent plies contribute to the formation of leakage paths through a damaged laminate, with factors such as stacking sequence, laminate thickness, and edge effects all affecting crack density and permeability [5] [6] [7] [8] [9] [10] . With subsequent thermal cycles or increased amplitude of loading, delaminations may initiate from existing transverse cracks or from free edges. These delaminations can connect staggered microcracks in adjacent plies, leading to the formation of leakage paths that might not have developed through microcracking alone. The presence of delaminations can also lead to increased transverse crack opening at ply interfaces [11] [12] [13] [14] . Delamination growth in laminates with existing transverse cracks under thermal fatigue loading has been modelled, showing a direct correlation between delaminated crack opening displacement and laminate permeability [15, 16] . This paper seeks to characterise the internal structure and damage present in pre-and post-cryogenically cycled CF/PEEK laminates of varying thickness and lay-up. Previous research into thermally induced microcracking has been limited to cryogenically cycling specimens of similar thicknesses [17] [18] [19] , sometimes leading to ambiguous results due to the unknown role of thermal gradients and laminate thickness for the same material. However, the effects of varying centre-ply group thickness on microcracking has been studied and is well summarised in [2] , which notes that the strain to initiate microcracking in the centre plies of cross-ply laminates decreases with increasing ply thickness. In this work, a comprehensive experimental study involving laminates made from unidirectional CF/PEEK tape sourced from three suppliers, in three different thicknesses (8- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 [0°/45°/135°/90°] S ) is undertaken. Two non-destructive testing (NDT) techniques are used to monitor damage progression before and during cycling: 2D optical microscopy and 3D X-ray computed tomography (CT). X-ray CT is increasingly becoming a viable testing technique due to technological advances and reduction in equipment costs. This technique allows a full 3D characterisation of the damage modes within a specimen [20] [21] [22] , as well as allowing for void identification [22] [23] [24] [25] . The majority of work in the area to date has focused on the scanning of small, representative volumes, with relatively few published works on damage characterisation in full specimens [26] , particularly for thermally cycled laminates. This work offers insight into the defects present and damage formation in cryogenically cycled laminates by combining the detail of high magnification optical microscopy with the global outlook offered by 3D X-ray CT. Void contents for each laminate type are compared and the effect of voids on crack initiation and crack growth paths are investigated. Crack density and crack opening displacement (COD) measurements taken from each specimen are used to show the significant influence of laminate thickness, lay-up and material type on subsequent damage. The importance of inner ply cracking for overall laminate permeability is also shown, with off-axis cracking observed to be more extensive than previously thought.
Methodology

Materials
CF/PEEK is a high-performance thermoplastic carbon-composite material. Thermoplastic composites offer a number of advantages over thermosetting composites in terms of the improved range of properties and processing techniques available. Crucially, CF/PEEK exhibits significantly higher toughness values, particularly Mode I fracture toughness, when compared to CF/Epoxy materials, which translates to increased resistance to damage propagation [27] [28] [29] . Thermoplastics also allow the use of out-ofautoclave processing techniques such as automated tape placement (ATP), facilitating the manufacturing of large structures like cryo-tanks without the capital investment required for an autoclave several metres in diameter. Three types of CF/PEEK were used in testing: (i) Suprem T/60%/IM7/PEEK/150, (ii) Cytec APC-2 IM7 and (iii) Tencate CF/PEEK CETEX TC1200 AS4. Two lay-ups were also used for each material type: [0°/90°] 2S cross-ply and [0°/45°/135°/90°] S quasi-isotropic configurations. Table 1 summarises the mechanical properties of a range of common CF/PEEK materials, with the materials used in this study highlighted in blue. In order to determine the effect of laminate thickness on microcracking, three different thicknesses were used for each lay-up configuration. These laminate thicknesses 4 corresponded to ply counts of 8, 16 and 32, with the plies being approximately 0.14 mm thick for all materials. Ply-level scaling was used to vary the laminate thickness. The rationale here is that this method can provide a more accurate view of the role of thickness in damage formation during processing and cryogenic cycling when compared to the sub-laminate scaling method, due to the consistent mechanical [30] and thermal response of the laminate with increasing thickness. Using an interlaced stacking sequence, based on scaling at a sub-laminate level, would be more effective for the design of cryotanks in against microcracking, the present testing was not devised to limit microcracking, but to allow a direct comparison between damage formation in laminates of varying thickness. Using an interlaced stacking sequence would potentially mask the full extent of this thickness effect in terms of damage formation. average cooling rate and peak cooling rate were 3.8 °C/min and 4.9 °C/min respectively. Each laminate measured approximately 150 mm x 70 mm as manufactured, with three identical test specimens, measuring 27 mm x 34 mm, being extracted using a water-jet cutting machine in order to minimise damage to the free edges. The specimen dimensions were chosen as a compromise between having a side length which was sufficient to display negligible edge effects at its mid-point and being compact enough to allow a comprehensive XRAY-CT scan of the entire specimen.
Specimen preparation
Prior to thermal cycling, the specimens were prepared for optical microscopy through grinding, polishing and cleaning of the specimen edges. The objective of this was to achieve a sufficiently reflective surface to allow for material characterisation and crack detection on a given cross-section. Two specimens from each laminate were polished, one on the 0° side (aligned with fibres) and one on the 90° side (with the 0° fibre ends visible). This allowed the viewing of transverse cracks through each ply in the laminates. Prior to polishing, the specimens were mounted in quick-set epoxy resin holders. The specimens were hand ground using successively finer grit paper ranging from P180 to P2400, before being machine polished on cloth using diamond solutions ranging from 6 μm to 0.25 μm. The specimens were thoroughly cleaned with water, soap solution and isopropyl alcohol between each grinding and polishing stage. (Fig. 3a) , before placing them in warm air flow at 40 °C from a fan (Fig. 3b) . In order to ensure the specimens reached thermal equilibrium during the cooling and warming stages, a thermocouple was embedded within an initial 8-ply test specimen to track temperature change at its centre. The temperature trace is shown in Fig. 4 . The centre of the specimen was found to reach -196 °C within 2 minutes following immersion in the LN 2 , while the centre of the specimen reached 40 °C 6 minutes after removal of the specimen from the Dewar, giving a total cycle time of 8 minutes. In order to account for any margin-of-error in the temperature measurements, the standard cycle time for an 8-ply laminate was increased to 11 minutes, consisting of a 3 minute cool down period followed by an 8 minute warming period. In order to estimate the required cycle times for the thicker 16-ply and 32-ply specimens, 3D finite element (FE) heat transfer simulations were conducted. These models predicted that a doubling of specimen thickness would also lead to an approximate doubling in cycling time, as well as showing the magnitude of thermal gradients with the specimens themselves. The specimens were exposed to 50 cryogenic cycles, which is representative of at least 10 launches of a RSLV, albeit without consideration of the additional mechanical loading acting on the cryo-tank.
Thermal cycling
Material and damage characterisation
Characterisation of the internal structure of the laminates and subsequent crack growth monitoring was carried out using optical microscopy and X-ray CT. As mentioned previously, three identical specimens were extracted from each master laminate. Two of these specimens were polished in accordance with the 6 protocol outlined in Section 2.2. The cross-sections on the polished 0° and 90° sides of these specimens were examined under an optical microscope at the following magnifications: 12.5 , 50 , 100 and 200 . The sides were viewed before and during cycling in order to characterise the internal structure of the laminates and to observe subsequent crack growth. The remaining specimen from each batch was left unpolished in order to ensure that the preparation process was not damaging the specimens prior to
cycling. An additional benefit of X-ray CT, is that it does not require any specific specimen preparation.
The scans were carried out before and after cycling using a Phoenix M nano/microtom [36] . The X-ray gun was rated at 180 kV, with scans being carried out at 160 kV and 28 μA, giving a scan power of 4.5 W. A total of 1,000 images were generated for each scan over a 360° field of view, for a total scan time of 67 minutes. The tomographical reconstruction was carried out using Davos software, whilst volume rendering was completed using VGStudio MAX 2.2. Two primary scan resolutions were used in this study: 15 μm and 33 μm. A central portion of each specimen was scanned at the higher 15 μm resolution before cycling in order to provide a detailed characterisation of the general structure of the laminates. The upper scan resolution limit for the specimens was 11 μm using the Phoenix M; however, due to the proximity between the specimen edge and the gun with specimen rotation, this was reduced to 15 μm.
The diameter of a typical carbon-fibre in high performance composites ranges from 5 μm to 7 μm; hence individual fibres were not discernible for the specimen dimensions of this study, even at the highest scan resolution. The specimens were also scanned at 33 μm before and after thermal cycling. This resolution was the highest available for which the entire specimen could be contained within the region of interest on the detector, allowing identification of all cracks and defects within the sample.
Results
Initial characterisation
General structure
Optical micrographs of each specimen were taken prior to cycling in order to determine any distinguishable structural features which may influence future damage build-up. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 considerably, with the fibres appearing to remain clustered in tows, leaving large resin-rich areas throughout the laminate. This inhomogeneous structure was observed in Cytec APC-2 specimens of all thicknesses and lay-ups. The resin-rich areas were also visible in X-ray CT scans of the laminates, as
shown by the darker areas in Fig.7 (b). These scans illustrate the increased resin-rich area content of the Cytec APC-2 material with respect to Suprem and Tencate. Thresholding of the scan gray-level was used to isolate the resin areas from the carbon fibres, based on the difference in density between PEEK and carbon fibre. Large resin bands are visible along ply boundaries as well as the more isolated, throughthickness resin areas.
Defects from processing
Each laminate was examined for common defects which typically arise from the processing of the composite material. Void formation occurs due to the presence of trapped air between the plies and volatiles within the material, which are released during the curing cycle. These voids can act as crack nucleation points within the laminate, as well as increasing laminate permeability. Optical micrographs ( Fig.8 ) and X-ray CT scans were used to determine the extent of void formation within the specimens. In keeping with findings from [22, 37, 38] , smaller voids tended to take on a spherical shape, whilst larger voids had a notably more elongated appearance. Characterisation of the void content of the specimens through X-ray CT was dependant on the resolution of the scan and the thresholding limits used to isolate the voids from the surrounding material. For the resolution of 33 μm applicable here, only voids with a dimension greater than 66 μm were distinguishable. Void volume content analyses were carried out on all laminate types using a defect detection algorithm from the rendering software. Fig. 9 shows the results of this void detection. These results are summarised in Table 2 in terms of material type, lay-up and thickness. All specimens examined were found to have a void volume fraction below 0.25%, with the majority being below 0.05%. Given that a 1% void volume fraction is generally held as the upper acceptable limit for aerospace grade composites, the laminates were deemed to have a very low void content. As shown in Table 2 , noticeable differences in void content were found between laminates of differing lay-up and thickness, with thinner, quasi-isotropic laminates generally having higher void contents. Fig.10 shows a rendered X-ray CT scan of a 32-ply Tencate specimen, with a threshold applied to isolate voids from the surrounding material. The scan revealed an abundance of small to medium sized voids dispersed evenly throughout the specimen. Larger voids, on the order of several mm 3 in volume,
were also found clustered together, though in fewer numbers. Analysis of void morphology based on the 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 X-ray scans corroborated the qualitative analysis of the optical micrographs in that there exists a direct relationship between void sphericity and void radius as shown in Fig. 11 , where sphericity is defined as the ratio between the surface of a sphere with the same volume as the defect and the surface of the defect [39] .
Post-processing cracking
Due to the high processing temperature required for CF/PEEK (375°C-385°C), thermal residual stresses are well known to be present in laminates immediately after processing and cooling to room temperature.
The origin of these stresses are generally categorised as follows [40] :
Micromechanical level -Due to mismatch between thermal expansion coefficients between fibres and the matrix Macro-mechanical level -Due to mismatch in expansion between plies of varying orientation Global level -Due to thermal gradients within the laminate as a whole arising during cooling Common defects caused by these residual stresses include microcracking and delamination [41] . Upon examination under an optical microscope a number of the laminates were found to have residual stressinduced microcracks, before any cryogenic cycling commenced. Fig. 12 summarises the post-processing microcracking in all laminates, where the severity of microcracking is represented on a scale from I to V in order of increasing number of cracks. The scale represents the average number of microcracks in the most severely damaged ply group for each laminate type. Microcrack counts in subsequent figures are based on the microcrack fully extending through at least one ply in a given ply group. Delaminations are not counted. Fig 13(a) shows microcracking present in the 45° plies of 32-ply QI Suprem laminate before thermal cycling. All 32-ply QI laminates for each material contained transverse microcracks due to residual stresses. The 16-ply QI Suprem specimens also contained microcracks. This trend indicates that both macro-mechanical and global level stresses are responsible, given (i) the predominance of microcracks in the thickest QI laminates, and (ii) the absence of observed cracks in cross-ply or thinner QI laminates. A notable exception to this trend was the 32-ply cross-ply Suprem specimens. While containing little microcracking, large-scale delamination between 0° and 90° ply groups was observed. Fig. 13(b) shows one such delamination which extends the entire length of the examined cross-section. It is likely that this delamination arose due to the large mismatch in thermal expansion coefficient between the ply groups, leading to stresses sufficiently high to exceed the mixed-mode fracture energy of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 composite. Fig. 14 shows a rendered X-ray CT scan of residual stress induced microcracking in a 32-ply QI Suprem laminate.
Damage characterisation due to thermal cycling
Global damage trends
All test specimens were subjected to 50 cryogenic load cycles (as shown in Fig. 4 plies, leading to a reduction in stress in these plies for a given temperature drop. The general thermal history for the laminates is shown in Fig.15 . The drop in temperature from T p (processing) through T SFT (stress free temperature) and T g (glass transition) to T amb (ambient) gives rise to a change in residual stress of Δσ res . The Stress Free Temperature (SFT) for semi-crystalline polymer matrices is found near the peak crystallisation temperature due to the load-bearing capability of the newly formed crystalline phase below this point. The exact value of the SFT of a given material varies with cooling rate. The value of 315°C given here is taken as an average of the values presented by [42, 43] , which lay in the range of 310°C to 328°C. For some laminates, particularly the Suprem material, these residual stresses were sufficient to cause damage initiation. Upon immersion in the cryogen at T min , the total change in stress in the laminates is given as Δσ init . The magnitude of this stress change was sufficient to increase damage levels in previously cracked laminates as well as initiating damage in some previously uncracked specimens.
Subsequent thermal cycling from T min to T max leads to a stress change of Δσ cycle . For the majority of specimens, this stress change was insufficient to cause damage initiation or further damage propagation.
Additional work on the magnitude of the thermal stresses, following on from [16] and to be published elsewhere, corroborates that cracking occurs on the first cryogenic cycle for certain laminates. Fig. 16 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 summarises the general damage trends for the specimens in terms of the number of microcracks per specimen side. Three primary trends in damage formation were observed in the specimens based on:
Laminate thickness Lay-up
Material type
The major differences in crack densities between 8-, 16-and 32-ply specimens is indicative of the role played by laminate thickness in microcrack formation. Most of the 8-ply laminates were found to be crack-free or, at worst, contain a small number of cracks after either 1 or 50 cycles. A larger number of microcracks, up to 15 per specimen, were present in the 16-ply laminates, with only the Tencate quasiisotropic laminates remaining crack-free. A substantial increase in damage was detected in the 32-ply laminates, with all specimens registering at least moderate microcracking. High crack densities were observed in most of these specimens, with some containing large-scale delaminations, comprising up to 50% of the specimen width. The lay-up of the specimens was also found to influence the extent and mode of damage in the laminates. Quasi-isotropic laminates generally exhibited higher crack densities than cross-ply laminates. However, the tendency to delaminate along ply group boundaries was observed in the thicker cross-ply laminates. Fig. 17 compares the extent of microcracking and the damage modes in 32-ply cross-ply and quasi-isotropic Suprem laminates. The micrographs of Fig. 17 illustrate widespread damage formation for the Suprem laminates, with the quasi-isotropic laminates containing extensive microcracking and short delaminations and the cross-ply laminates displaying a number of extensive inter-ply delaminations, accompanied by relatively few microcracks with large crack opening displacements. This trend was also observed in X-ray CT scans of the specimens. Fig. 18 shows high density microcracking, with multiple families of 0°/90° and 45° transverse cracks visible and extending across the entire width of the quasi-isotropic specimens (a), (c) and (e). Damage in cross-ply specimens (b), (d) and (f) is characterised by wide transverse cracks in the outer plies and extensive delamination between ply groups. Fig. 19 compares the average crack densities for cross-ply and quasi-isotropic 32-ply laminates. There is a clear trend towards higher crack densities in quasi-isotropic laminates, particularly in the inner, off-axis ply groups. This trend was corroborated by 3D Finite Element analyses of the stresses induced in 32-ply quasi-isotropic and cross-ply laminates due to a change in temperature from 40°C to -196°C, as shown in Fig. 20 . The CF/PEEK was modelled as a linear thermoelastic material, with transversely-isotropic properties taken as an average of those presented in Table 1. The thermal properties   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 used in the analyses were those presented in Section 2.3. Fig. 20(a) shows the through-thickness stress variation for a 32-ply quasi-isotropic laminate at -196°C. The peak tensile stress of 74.2 MPa is observed to occur in the inner off-axis plies, which were also observed to have the highest crack density after physical testing. This tensile stress was also found to be higher than the 63.7 MPa predicted for the crossply laminates in Fig. 20(b) . These peak stress values are also in the region of the average transverse tensile strength of both the Cytec and Suprem materials. It is also worth noting the high compressive stresses, on the order of 150 MPa, present in the outer and centre ply groups. A transient thermal stress analysis, using a convection coefficient of 500 Wm -2 K -1
, was also carried out for the cross-ply laminates.
This convection coefficient represents a value closer to the upper bound of the estimated transfer coefficient range. Fig. 21 plots the transient thermal tensile stress variation at a number of points, from the outer plies through to the centre plies of 8, 16 and 32-ply laminates. This plot illustrates the skin-core effect for laminates, whereby unevenly cooled specimens exhibit noticeably higher tensile stresses in their outer ply groups, due to thermal self-equilibration effects. This effect is more pronounced for thicker laminates, with the 32-ply model predicting a highly inhomogeneous stress state, characterised by a difference of over 20 MPa between the transverse tensile stresses in the outer and inner plies. During the early stages of cooling, the peak transverse tensile stress observed in the outer plies of the 32-ply laminate is almost double that of the 8-ply laminate. This additional self-equilibration of stress, which is more prominent in thicker laminates, contributes to the damage behaviour observed. It should be noted that the difference in damage formation between the thicker and thinner laminates could also be partly attributed to the increased influence of edge effects for thicker laminates, as well as the size effect, which is related to the probability of there being a crack-initiating defect in a given volume of material [44] [45] [46] . It is clear from Fig. 16 that certain material types were more susceptible to microcracking than others, with the Suprem CF/PEEK material exhibiting the most damage before and after cycling and the Tencate material the least. The material properties shown in Table 1 can go some way to explaining these differences. The 
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significantly lower, which may contribute to the extensive delamination observed in the thicker cross-ply Suprem laminates. It is also possible that void content may influence the level of damage observed in certain specimens. As Table 2 shows, the Suprem material, and quasi-isotropic laminates in general, were found to have higher void contents, in keeping with the higher crack densities found in these laminates.
However, the heavily damaged 32-ply laminates were also found to have the lowest void content by volume, indicating that the thickness effect is likely a more dominant driver of damage formation in thermally cycled laminates.
Crack morphology
Microcrack shape and location was found to be influenced by crack density and lay-up. Straight transverse cracks were predominant in low crack density laminates for cross-ply lay-ups and, for the most part, in quasi-isotropic ( Fig. 13(a) ) lay-ups too. For quasi-isotropic lay-ups, the cracks tended to arrest or initiate slight delaminations at ply group interfaces, while cross-ply cracks tended to lead to larger delaminations, ranging in size from one ply thickness to greater than half the specimen width. This typically caused the formation of larger crack opening displacements in the cross-ply laminates, up to 120 μm width as shown in Fig. 22 (b) . In general for low damage levels, the cracks were not seen to influence the shape or location of other cracks. In high crack density quasi-isotropic laminates, angled cracks were observed in the off-axis plies. These cracks typically propagated through the 45°, 135° and 90° plies, being angled in the off-axis plies and generally perpendicular to the horizontal in 90° plies. At ply group interfaces, some cracks were found to grow straight through while others initiated a short delamination, before propagating into the next ply group, as shown in Fig. 22(c), (d) . Due to the widespread interaction between adjacent cracks, through-thickness networks were found to be commonplace. Microcracks in the outer ply groups of laminates were consistently found to be wider than those in inner ply groups. This is likely due to the constraining effects of adjacent plies on inner ply groups. It was also found that COD (crack opening displacement) in thicker laminates were greater than in thinner laminates. Fig. 23 displays COD measurements obtained from optical micrographs and image processing software. These COD values also show that for a given crack network through a laminate thickness, the permeability of the laminate would be restricted by the relatively narrow crack openings found in the inner and off-axis plies.
Some specimens were also found to have only have microcracks present in the outer layers, meaning the uncracked inner and centre plies would effectively block cryogen leakage. A large proportion of cracks in all plies tended to propagate through the entire width of the specimen. This is in contrast to the short 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 'stitch' cracks which were found to develop in ±45° plies in previous work [8, 47, 48] and only propagated through the length of a few ply thicknesses. Fig. 24 presents a top-down view of a damaged 32-ply laminate, showing overlapping crack families in the 0°/90° and off-axis plies as well as the large proportion of microcracks which have extended fully though the specimen width. Fig. 24 also shows offaxis ply cracks extended through the specimen width.
Crack initiation
Crack initiation in composite materials can occur below the failure strength of the bulk constituent materials. As mentioned in Section 3.1, defects present in the laminate can act as crack nucleation points as well as influencing crack growth paths. Crack paths in laminates with high void contents were found to be significantly influenced by the presence of these defects, as shown by the micrographs in Fig. 25 . Fig.   25 (a) shows a network of microcracks which appear to have initiated near a cluster of voids and propagated towards the centre and edge of the laminate simultaneously. Fig. 25 (b) shows the influence of a large void on crack formation at the centre of the same laminate No significant difference in microcrack density was observed at the specimen edges compared to the centre. However, cracks within a few ply thicknesses of the edge were found to grow towards the edge, as seen in Fig. 25 (a) . The most noticeable edge effect was the initiation of free-edge delaminations and their propagation towards the specimen centre. It should be noted that even after 50 cycles, these delaminations remained confined to the outer corners and edges, usually arresting after propagation to a length of approximately 1 to 2 mm. Fig. 26 shows several examples of edge delaminations in 32-ply laminates.
Conclusions and future work
Optical microscopy and 3D X-ray CT have been used to characterise the internal structure and damage formation in cryogenically cycled CF/PEEK laminates of multiple thickness, lay-up and material type.
Combining these techniques facilitates a complete 3D characterisation of damage for entire specimens, whilst also allowing detailed investigation of single cracks or defects. A thickness effect was observed with respect to damage formation in the laminates. Extensive microcracking and delamination was observed in 32-ply specimens, compared to moderate microcracking in 16-ply specimens and little or no damage in 8-ply laminates for the same number of cryogenic cycles. This effect is attributed to more severe thermal gradients during cycling and larger residual stresses for thicker specimens. Lay-up and material type were found to affect damage formation, with quasi-isotropic laminates performing worse 14 than cross-ply laminates, particularly in relation to microcrack density. Through-thickness microcrack networks were found to occur more readily in quasi-isotropic laminates, implying poorer permeability characteristics. After cycling, the Suprem IM7 material contained the most microcracking, followed by the Cytec IM7 and Tencate AS4. Available material property data from the manufactures and previous testing showed that the Suprem material had a lower GIC and GIIC fracture toughness than the Cytec material, while the Tencate material had the highest 90° tensile strength. Microcracking was detected in some specimens pre-cycling, which can be attributed to residual thermal stresses arising from processing.
For most laminates, no further damage accumulation occurred after the 1 st cryogenic cycle. Using 3D Xray CT, the majority of cracks, including those in off-axis plies, were found to extend fully through the specimen width. Voids were found to significantly influence the location of microcracks and the path of subsequent crack growth. Delaminations were found to initiate at the free edges of the more heavily damaged 32 ply laminates, but only extended a short distance towards the specimen centre after 50 cycles. Microcrack density was not greatly influenced by proximity to free edges. Crack opening displacement of transverse cracks was found to generally increase with the length of adjacent inter-ply delaminations. Large crack openings were observed in thicker laminates, particularly in the outer plies.
Crack opening in inner and off-axis ply groups was found to be significantly less than outer plies, implying the importance of these plies in limiting laminate permeability. Future work will include further cycling of the laminates until failure of all specimens. This is envisaged to require several hundred cycles for the thinner laminates and will be carried out using an automated cycling system. Modelling work will focus on prediction of crack densities and COD observed in experimental work using XFEM and statistical methods, with an aim to calculating laminate permeability . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 Figure 5 Comparison of FE predicted maximum temperature differences between the outer surface and centre point of specimens for a range of ply thicknesses Figure 6 Optical micrographs of (a) 16- 
